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The use of coimmobilized systems for treatment of toxic
organic compounds has been proposed. The proposed ap-
proach combines the use of adsorbents and laboratory
identified microorganisms immobilized in a protective per-
meable barrier to achieve a greater degree of control over
the remediation process. This study was launched to under-
stand the effect of adsorbents and changes in adsorption on
the degradation of toxic compounds by coimmobilized sys-
tems. The specific case studied involved the degradation of
pentachlorophenol (PCP) by Arthrobacter (ATCC 33790)
coimmobilized with powdered activated carbon within cal-
cium alginate capsules.

The design parameters studied included adsorbent con-
tent and type as well as the effect of solution pH and sur-
factant concentration on adsorption and biodegradation.
It was found that the equilibrium adsorption behavior of
PCP was strongly influenced by solution pH and surfactant
concentration. A mathematical model was developed that
combined the physical processes of mass transfer and ad-
sorption with biological degradation of PCP. The model
was used to predict the effect of various parameters on the
degradation of PCP. Based on model predictions, the degra-
dation of PCP was strongly dependent on variations in ad-
sorbent capacity and affinity for this contaminant.
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INTRODUCTION

The concept of using coimmobilized systems for the
treatment of toxic organic contaminants was introduced
by Lin et al.*® This coimmobilization concept combines
biologically activated carbon and immobilized cell tech-
nology to achieve a greater degree of control over the
microenvironment of the organisms used to treat vari-
ous toxic organic contaminants. Coimmobilization can
best be described as the use of microorganisms, with
known degradative capabilities, immobilized together
with an adsorbent within a spherical permeable gel ma-
trix or membrane.” In order to test this concept, Arthro-
bacter (ATCC 33790) was coimmobilized with powdered
activated carbon in calcium alginate capsules and used
to degrade pentachlorophenol (PCP) (Fig. 1). Some of the
advantages of coimmobilized systems over cell immo-
bilization include the following: (1) Adsorbents quickly
remove the contaminant. This allows high flow rates to
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be used in fluidized or packed beds of coimmobilized
systems, hence treating large volumes of contaminated
waste and achieving cleaner effluents. (2) The use of ad-
sorbents dampens variations in contaminant concentra-
tion when influent concentrations vary and allows for
operational stability. (3) Adsorbents help achieve lower
concentrations when the contaminant is highly toxic.
(4) Adsorbents help to retain any extracellular enzymes
that would otherwise be lost. Other advantages of the
coimmobilized concept over other conventionally used
systems of biologically activated carbon, immobilized
cell technology, or simple bioaugmentation (inoculation)
are described elsewhere.®’

Adsorbents can control contaminant concentration
within coimmobilized systems, thereby influencing con-
taminant degradation. In order to design coimmobilized
systems for the degradation of toxic organic compounds,
it is necessary to determine the effect of adsorbents on
the degradation of contaminants. In this study, the ef-
fect of adsorbent content and type as well as the effect
of changes in adsorption behavior on the mineralization
of PCP were examined by mathematical modeling.
These changes in adsorption behavior were achieved
via addition of surfactants or by changes in solution pH.
A model was developed to describe the diffusion, ad-
sorption, and degradation of PCP by coimmobilized
Arthrobacter (ATCC 33790) in batch aqueous cultures.

MATERIALS AND METHODS

Assays for Aqueous PCP Concentration and PCP
Mineralization

The assay for aqueous PCP concentration was per-
formed by high-performance liquid chromatography
(HPLC) and PCP mineralization was measured by evolu-
tion of “CO, in a CO; trap as described by Lin et al.">"

Preparation of Coimmobilized Capsules and
Encapsulated Activated Carbon

The seed culture of Arthrobacter (ATCC 33790) was
grown in a medium containing PCP-Na (0.1 g), NaNO;
(0.5 g), K,;HPO, (0.6 g), KH,PO, (0.2 g), MgSO, -
7H,0 (0.1 g), NH.Cl1 (0.5 g), and CaCl; - 2H,0 (0.02 g)
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Figure 1. Layout of the apparatus used in the degradation experiments together
with a diagram of the coimmobilized capsules.

in 1 L of distilled water (pH 7). The culture was incu-
bated in 100 mL of medium contained in 500-mL flasks
shaken at 80 rpm and 30°C. To quantify the bacterial
cells, aliquots of the culture broth were spread onto
tryptic soy agar plates after 3—4 days of incubation.
Colonies of Arthrobacter on the agar plates were counted
after 3 days of incubation at 30°C.* One milliliter of the
broth with ODsg of 0.23 contained approximately 6 X
10° cells. To prepare the coimmobilized capsules,
1.0 mL of culture broth and 5 mg of powdered activated
carbon were mixed with 0.3M CaCl, solution to a total
of 2.5 mL (for one flask of degradation mixture). This
mixture was then dropped through an air nozzle into a
stirred alginate solution (0.5% wt)."* Mixing was con-
tinued for 2 min. The slurry of the formed capsules and
alginate solution was then diluted fivefold with distilled
water to stop the reaction between Ca’* and alginate.
The capsules were then washed with distilled water.

Encapsulated activated carbon was prepared by the
same procedure except the culture broth was replaced
by distilled water.

Adsorption Isotherm Determination

Experiments for determining PCP adsorption isotherms
were carried out in 250-mL flasks containing 125 mL of
mineral solution (the growth medium without PCP-Na).
The mineral solution was mixed with a stock solution of
776 uM PCP (Aldrich Co., Milwaukee, WI) achieving
different initial PCP concentrations. The PCP stock
solution was prepared by dissolving PCP in double-
distilled water and adjusting the pH with 1N NaOH to
increase PCP solubility. The pH in the mineral solution
was adjusted by addition of 1N NaOH or 1N HCI after
addition of PCP. Powdered activated carbon (10 mg,
Darco G-60, 100 mesh, Aldrich) was added to all flasks.
All of the flasks were maintained at 30°C on an 80-rpm
shaker. Equilibrium was ensured by time course mea-
surements. Experiments with the surfactant Tween 80

were performed equivalently. Tween 80 was added to
each flask from a stock solution of 0.2% (wt/vol) to
achieve desired concentrations.

Batch Adsorption Rate Experiments

The stock solution (776 uM PCP) was added into 250-
mL flasks containing mineral solution (20 mL total vol-
ume) to desired concentrations. Powdered activated
carbon or encapsulated activated carbon was added to
each flask to adsorb PCP. All of the flasks were main-
tained at 30°C on an 80-rpm shaker.

Removal and Mineralization of PCP by
Coimmobilized Capsules

Coimmobilized bacterial capsules prepared according to
the above procedure were added to 250-mL flasks con-
taining the degradation mixture. For determination of
PCP removal, the degradation mixture contained 3 mL
of PCP stock solution and 17 mL of mineral solution.
For determination of mineralization, the PCP stock so-
lution was spiked with *C-PCP (Sigma Chemical Co.,
St. Louis, MO). Three milliliters of the spiked PCP and
17 mL of the mineral solution were used as degradation
mixture. The initial PCP concentration was 117 uM in
both cases. The total radioactivity contained in the
spiked flasks was approximately 6.5 x 10° dpm. All
flasks were maintained at 80 rpm and 30°C unless oth-
erwise indicated. The '*CO, was trapped in an ethanol-
amine containing scintillation fluid® and was measured
at indicated intervals.

MODEL DEVELOPMENT

Equilibrium Isotherms

For the adsorption of PCP onto activated carbon, a re-
versible Langmuir isotherm was chosen.” This type of
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isotherm was chosen according to the trend observed in
the experimental data and is not necessary for model
development. Such an analysis leads to the following
expression relating the amount of adsorbate bound to
the adsorbent, g, to the concentration of the same com-
ponent in solution, C, at equilibrium:

g =G M
d
where g« is the maximum capacity of the adsorbent for
PCP and K} is the dissociation constant. The changes in
equilibrium adsorption behavior as a function of such
variables as pH and surfactant concentration were mod-
eled as changes in gm.x and K.

Mass Transfer and Adsorption Rate

The migration of PCP in a batch liquid phase system to
which a certain quantity of coimmobilized capsules have
been added can be described mathematically using the
following assumptions:

1. The transfer of products between the bulk solution
and the capsule membrane is assumed to occur across
a thin hydrodynamic film.

2. All components have constant effective diffusivities
within any one phase, the value of which is indepen-
dent of concentration.

3. The adsorbent particles and the cells are assumed to
be infinitely small and evenly distributed within the
capsule core.

4. Compared to the adsorbent, the adsorption of PCP
onto the gel membrane can be neglected.

5. The bulk solution is perfectly mixed.

6. The degradation product, mainly carbon dioxide,
does not adsorb onto the adsorbent.

7. The rate of adsorption of PCP can be described by a
second-order surface reaction model that at equilib-
rium produces the Langmuir isotherm.

The following equations describe the concentration of
various species in the bulk solution, gel membrane, and
capsule core, respectively:

dCy _ WiK,
dr R.V, (Cri = Cir=ry,)) (2)
aC; _ °C: | 20C; 3
o T TR\ 9RT T RoR
aC; *°C; 2 aC; <
Eci ot - eciDci(aRz + RaR) + Rads + [=21RXNI (4)

where R,s is the rate of adsorption of species i, and
RXN, is the various biological reactions in which spe-
cies i is involved. According to the second-order rate of
adsorption model, the adsorption rate is given by the
expression

dq;
Rass = “Pgd_z = —pg(k1 Cilgmax — qi) — x1Kuqi) (5)

Equation (5) results in a Langmuir isotherm at equi-
librium. The variable «, is the rate constant for the
forward rate of adsorption, and K, is the dissociation
constant.

The corresponding initial and boundary conditions

are
aC; _

[ = ]H =0 ©®

aC; aC;

=Dyl — = —Ud|l 7
] [BR :|R=RC* D [BR ]R:R; )]

aCj Kc‘

[—(ﬁ]R=Rg B EgzDgi (Cbi - Ci(R:Rg)) (8)
[Chil=o = Cui(0) )
[Cilosrsr, =0 att =10 (10)

Biodegradation

Since the cells are trapped within the core and cannot
diffuse through the gel membrane, the cell concentra-
tion only need be described within the core and can be
assumed to be zero elsewhere. It is further assumed
that the cells are stationary and do not diffuse in space
within the core. The concentration of the cells within
the core can be described by the following equation:
X

—— = RXN,

0<R=<R, 1
at R a1

X=0 R > R, (12)
With the following initial condition:
[Xlosrsr. = Xo att =0 (13)

If the conversion of PCP to CO; by Arthrobacter can
be described by a one-step process, neglecting the con-
version of PCP into various metabolic intermediates, the
mineralization of PCP may be described by the follow-
ing equation:

T K = —KiCra X (14

This is obviously an oversimplification of the fate of
PCP and does not consider multiple dechlorination steps
and ring cleavage that PCP must undergo before con-
version to carbon dioxide. The description of PCP
degradation by first-order kinetics is expected to yield
reasonable results only at low PCP concentrations. A
more accurate description of the fate of PCP would re-
quire a detailed study. Assuming that the fate of PCP is
adequately described by the above expression, the cell
density and CO, concentration can be related to PCP
concentration by the equations

RXNPCPZ

dX
';1—'- = ,I.LX = Kszch (15)

dCcoz
dt

RXNX:

RXNCQZZ = YCOZ/leX = K3 Cpch (16)
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where p is the growth rate, X is the cell concentration,
and Y., and Yco,, are the corresponding yield factors.
The product formation model above is the Leudeking—
Piret kinetic model,’ without the maintenance and
death term, typically used when product formation is
a result of energy forming metabolism. The PCP uti-
lization equation accounts for conversion of PCP to
product as well as utilization for cell growth. Under low
PCP concentrations (<100 uM), the growth rate was
adequately described by first-order kinetics (data not
shown):

M= Kgrowth Cerer (17)

The above equations were solved by a semi-implicit
finite difference method as illustrated by Carnahan.’

ESTIMATION OF MODEL PARAMETERS

The value of the dissociation constant and adsorbent
maximum capacity were calculated from experimental
adsorption isotherms.’ This involved linearization of the
Langmuir equation and the use of least squares tech-
niques to fit the linearized form of the equation to ex-
perimental data. The forward adsorption rate constant
was obtained from adsorption experiments performed
with free activated carbon at constant pH and zero sur-
factant concentration. The dissociation constant and ca-
pacity obtained experimentally were assumed to remain
constant at constant pH and surfactant concentration.
These values were then used in Equation (5) and solved
simultaneously with a batch material balance equation:

Ve— = =W, (18)

where Vz and W, are the solution volume and adsorbent
weight, respectively; C and g are the concentration of
PCP in solution and in the adsorbent. The forward
adsorption rate constant was held as an adjustable pa-
rameter in the model and computed from the best fit
produced using a parameter estimation method.>” The
resulting value of «, was estimated to be 0.05 (mL/g - h).
It was assumed that the rates of PCP adsorption and
desorption were indistinguishable. The time constant
for the mineralization process (50 h) was approximately
two orders of magnitude larger than the adsorption time
constant (30 min) (data not shown). With such a differ-
ence between the two time constants, a 100% error in
adsorption rate coefficient results in a 1.3% variation
in PCP mineralization in 200 h. Furthermore, the as-
sumption was made that immobilized activated carbon
behaved equivalently to free activated carbon. Experi-
ments previously performed in our laboratory indicate
that compared to the degradation rate of PCP, the rates
of adsorption and desorption of PCP from activated
carbon are sufficiently similar to justify this assump-
tion. Immobilization of activated carbon did not al-
ter its capacity or affinity for PCP significantly. It was

also found that approximately 70% of the PCP was re-
versibly adsorbed.

The porosity (¢) of the capsule membrane was esti-
mated from the alginate content to be 0.98,> while the
diffusivity of PCP in solution (D) was calculated from
the Wilke—~Chang equation to be 7 X 10~® cm?/s. This
diffusivity value compares well with the measured dif-
fusivities of similar molecules in water.'* The relatively
small molecular size for PCP and the high porosity of
the alginate gel indicate that little error can be expected
by estimating the diffusivity of PCP within the gel (D,)
to be equal to 6.86 X 107® cm’/s from the relation (Dg/
tortuosity = D,) and by estimating a value of 1 for the
tortuosity of alginate. Furthermore, the low density of
adsorbents within the core (p, = 0.008 g/mL) and low
cell density (ODsg = 0.093) provide little resistance
to the diffusion of PCP within the core. This suggests
that the diffusivity of PCP within the core (D.) will be
close to its free solution diffusivity of 7 x 107® cm?/s.
The diffusion coefficients for carbon dioxide in the gel
membrane and the capsule core were obtained from the
free solution diffusivity by the same estimation. A pa-
rameter sensitivity analysis was carried out (results not
shown) to ensure that the solutions were stable to small
variations in the above estimated parameters. “Stable”
is here defined as a variation in the estimated parame-
ter (=50%) producing a variation of equal or smaller
magnitude in the solution.

Following the verification of the model in predicting
adsorption data, Equations (14)-(16) were solved by a
semi-implicit Runge-Kutta algorithm equipped with
an optimization routine. The optimization routine em-
ployed the Gauss—Newton method to minimize the sum
of the square of the deviations between model predic-
tions and experimental data obtained from free cells
by adjusting the kinetic parameters.’ The parameters
(Kgrown = K3) and the rate constants for PCP utilization
and degradation K, and K, calculated by this method
are listed in Table I.

COMPARISON OF MODEL WITH
EXPERIMENTAL DATA

Adsorption Isotherms

The adsorption isotherms for PCP on activated carbon
as a function of solution pH are displayed in Figure 2,
while the variations in the isotherm as a function of
Tween 80 concentration are displayed in Figure 3. Large
differences were observed in the equilibrium isotherm
as a function of pH and Tween 80 concentration. The
exact mechanism behind such differences was not in-
vestigated. The isotherm parameters ¢, and K, for the
different data sets are listed in Table II. The Langmuir
isotherms fit experimental data relatively well under the
conditions examined.

We speculate that the differences observed as a func-
tion of pH are likely due to changes in the distribution
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Table I.
simulate experimental data.

Measured variables and estimated parameters used in mathematical model to

Parameter Value Units
D,(PCP) = D.(PCP) 7 x 107 cm?/s
D,(PCP) 6.86 x 107° cm’/s
Ds(CO;) = D(CO,) 1.96 x 10°° cm’/s
D,(CO») 1.94 x 107° cm’/s
K1 0.05 mL/g - h
K7 = Kgown 4 x107* mL/umol - h
K, 34 1/ODsg - h
K 28 mol(CO,)/mol{PCP) - ODs - h
R, 3000 =200 pm
R, — R. 200 pm

ODss = 0.23 is equivalent to 6 X 10° cells/mL.

of PCP between the ionic phenolate form and the un-
charged form as the solution pH approaches the pK, of
PCP (4.75). The uncharged molecule predominates at
lower pH and has a higher affinity for adsorption on
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Figure 2. PCP adsorption isotherms on activated carbon as a
function of pH.

activated carbon. It is also possible that at higher pH
values changes in the adsorbent itself can account for
variations in adsorption behavior. We speculate that the
variations in adsorption behavior observed by addition
of Tween 80 were due to the partitioning of PCP in sur-
factant micelles formed in solution, thus lowering the
apparent capacity of activated carbon. The mechanism
for an increase in PCP adsorption due to an increase in
Tween 80 concentration from 0.002 to 0.004% wt/vol
needs to be further investigated.

Batch Kinetic Adsorption Rates

Experimental rates of PCP adsorption by free and en-
capsulated activated carbon are compared with simu-
lation results in Figure 4. The capsule size and the
membrane thickness were measured by visual inspec-
tion via an optical microscope. The simulation results
fit experimental data for values of external mass trans-
fer coefficient (K, = 5 x 107 cm/s) with progressively
worse fit as K. decreased, exhibiting negligible film
resistance.

Biodegradation of PCP

1 1 1 1 1 . . . . .
<0 A comparison of PCP removal and mineralization with
2 pH = 7.0 ] the simulation results is shown in Figure 5. Removal, in
E L e | all figures, refers to aqueous PCP concentration, while
- I o ..o ] PCP mineralization or PCP mineralized refers to PCP
2 1000 - LT O No Tween 80 L equivalents converted to CO;. The cell concentration is
g ‘ o 0.002 % Tween 80 . . . . . .
s P 1 not displayed in Figure 5 since the cell concentration in
& L/ a 0.004% Tween 80
g .

5 r 1 Table II. Langmuir isotherm parameters used to fit experimental
6 - 4 data in adsorption of PCP to activated carbon.
= 5004 P - )
] ! Maximum
£ h %_ Tween 80 adsorbent Dissociation
_g» ED e mmm T T BT T T concentration capacity constant
< Pt g — B (% wt/vol) pH (umol/g) (umol/mL)
b~ a— ——-@ —_ 1
0 ¥ . r Y T . 0 5 1876.9 8.91 x 107
0 20 40 60 80 100 120 0 7 1284.9 6.33 x 107?
Aqueous PCP Concentrattion (uM) 0 8.5 884.7 5.28 x 107°
0.002 7 245.2 7.82 x 1072
Figure 3. PCP adsorption isotherms on activated carbon as a -2
. . 0.004 7 3474 2.04 x 10
function of Tween 80 concentration, pH 7.0.
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Figure 4. Batch PCP adsorption data compared to theoretical
predictions; [PCPJ, = 76.6 uM, R, = 3000 =200 um, R, — R, =
200 pm. Curves are model predictions while the symbols are ex-
perimental measurements.
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Figure 5. Removal and biodegradation of PCP by coimmobilized
Arthrobacter and activated carbon compared to simulation results;

VA =2.5 mL, WA =5 mg, X() = 0.0932 (OD5(,0), Vb =20 lTlL,
[PCP)y = 117 uM, and pH 7.

the coimmobilized system was not monitored in time.
The cell growth model was checked against the growth
of free cells and found to describe the cell concentration
within the experimental error (+9%). The estimated
kinetic parameters underpredict the mineralization rate
of PCP over the 290-h period by approximately 20%.
This difference is primarily due to the simplicity of the
presented metabolic model. Experimental data from
the degradation of PCP by free cells in the absence of
activated carbon (data not shown) revealed that the
concentration of PCP decreased to zero from an initial
concentration of 117 uM in a 45-h period. During the
same period, a material balance performed on '*CO; re-
vealed that approximately half of the PCP (=53.8 uM)

were mineralized. The remainder of PCP was either
converted to metabolites which were further degraded
in time, as evidenced by continued "*CO release, or ab-
sorbed by the free cells such that measurement of extra-
cellular PCP concentration was not indicative of total
PCP present. It is also possible that the kinetic parame-
ters calculated from free cells are slightly different in
coimmobilized systems because of the effect of immobi-
lized adsorbents. Since the model presented here for
PCP adsorption, degradation, cell growth, and CO, for-
mation does not account for these phenomena, it is
expected that discrepancies will exist between PCP
mineralization rates predicted by the model and those
measured experimentally. A more accurate model to
describe the biological fate of PCP may improve the
prediction of mineralization rate, but at the expense of
added complexity and the further need for investigation
of the mechanism of PCP degradation by this organism.

MODEL PREDICTIONS

The Effect of Adsorbent Content

The use of larger quantities of adsorbents in the coim-
mobilized systems leads to the reduction in PCP concen-
tration, hence achieving a “clean solution” more quickly.
However, the dependence of biodegradation on PCP
concentration within the capsules leads to a lower over-
all rate of PCP mineralization.

Simulation results demonstrating the effect of adsor-
bent content on PCP mineralization in 290 h are dis-
played in Figure 6. The mineralization of PCP in a
290-h period decreased 55% from 76 to 42 uM as the
adsorbent content was increased twofold from 0.001
to 0.002 g/mL at a maximum adsorbent capacity of

140 s a2l s 2 s sl aaastaraade
3 : E
3 [ 9 = 1693 (umoleig) ]
e 1207 Iy
E ! — — 9m = 1284 (umolerg)
2 1004 —— — Gy = 500 (umole/igm) I-
- 5
o 80 1 =
N r
o r o
= s :
.- 60 -. -
° [ ]
"é s ]
g a0 I
@ 3 r
£ . ]
& s ]
g :
0 +rrrrrrrererrrr T
0 0.001 0.002 0.003 0.004 0.005

Adsorbent Content (g/mL)

Figure 6. Effect of adsorbent content on PCP mineralization in
290 h; K4 = 6.33 x 1072 umol/mL, § = 0, R, = 3000 um, R, —
R. = 200 pm.
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1284 umol/g and a dissociation constant of 6.33 X
10 wmol/mL. At a maximum capacity of 500 pmol/g,
the same twofold increase in adsorbent content from
0.001 to 0.002 g/mL led to a 10% decrease in mineral-
ization of PCP from 88.7 to 80.7 uM. As the adsorbent
content was increased, the adsorbent loading of PCP
decreased, as did the PCP concentration inside the cap-
sules. This lower PCP concentration translated into a
lower degradation rate. A reduction in adsorbent capac-
ity for the same adsorbent content increased the PCP
concentration within the capsules and led to a greater
biodegradation rate. As the adsorbent capacity was re-
duced, equivalent changes in adsorbent content had
smaller effects on PCP mineralization. Figure 6 leads
one to believe that the biodegradation rate of PCP can
continue to increase as the adsorbent content is reduced
to zero. This, however, is not entirely true. A high con-
centration of PCP will inhibit various organisms capable
of degrading PCP. The adsorbent is necessary for quick
contaminant removal and maintenance of contaminant
concentration at nontoxic levels.

The effect of adsorbent content predicted by the
model is accurate as long as the adsorbent particles do
not significantly hinder the diffusion of contaminant
within the capsule core. As the adsorbent content in-
creases, the model will necessarily need to compute the
effect of these particles on contaminant diffusion. Such
computations have been previously demonstrated.” It
must be emphasized that the adsorbent content of the
coimmobilized systems can only be increased within
certain physical limits dictated by capsule size and
preparation. As the adsorbent content is increased,
there is physically less space available for cells and cell
growth. These results suggest that for a given PCP
removal, the adsorbent content must be optimized. Ef-
fects such as contaminant toxicity and substrate inhibi-
tion have not been modeled. The existence of such
phenomena can influence the above results.

The Effect of Adsorbent Type

Since adsorbents other than activated carbon can be
used in coimmobilized systems, the effect of using dif-
ferent adsorbents on the degradation of PCP was ex-
plored. Differences in adsorbent type were modeled as
differences in capacity and dissociation constant, as-
suming adsorption equilibrium was always of the Lang-
muir form. Simulation results demonstrating the effect
of adsorbent capacity on PCP mineralization are dis-
played in Figure 7. It was found that as the adsorbent
capacity was decreased, the PCP mineralization in-
creased. A twofold increase in adsorbent capacity from
250 to 500 pmol/g caused a 170% reduction in PCP
mineralization in 290 h, with K, held constant at 1 X
107 wmol/mL. When the dissociation constant was in-
creased to 6.33 X 107 wmol/mL, the same twofold in-
crease in adsorbent capacity from 250 to 500 umol/g

140 L-:._E_n:;.:L.:_:zz.fulL..;I.:__Ln

- 3

4 —— K, = 6.33 pmote/L q,C

ot
[
]

ol I
]

Ky = 20 pmole/L q= K +C) -+

Kd = 1.0 umoile/l

-
3
o
Pl
T
l

LI B e o | T

PCP Mineralized in 290 hours (pmole/L)
'S o
P =
1 ol
O L e o

(5]
(]
2l
T
LD 2 ue an

L o o o e B i o L o e e
0 500 1000 1500 2000 2500 3000
Adsorbent Capacity q_ (umole/g)

Figure 7. Effect of adsorbent capacity on PCP mineralization in
290 h. Adsorbent content 0.002 g/mL, S = 0, R, = 3000 um, R, —
R, = 200 pm.

only reduced PCP mineralization by 11%. When the dis-
sociation constant was 20 X 10 wmol/mL, the twofold
increase in adsorbent capacity caused a 1.2% reduction
in PCP mineralization. The maximum PCP mineraliza-
tion in 290 h always approached the same value as the
adsorbent capacity was reduced.

The effect of dissociation constant on PCP mineral-
ization is displayed in Figure 8. When the dissociation
constant was increased from 1 X 107 to 1 x 107 wmol/
mL at a constant capacity of 1693 umol/g and a carbon
content of 0.004 g/mL, PCP mineralization was in-
creased 8.9-fold. As the carbon content was reduced to
0.002 g/mL, the same 10-fold increase in dissociation
constant increased PCP mineralization by 8.4-fold. A
further reduction in adsorbent content to 0.001 g/mL
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Figure 8. Effect of dissociation constant on PCP mineralization in
290 h; g, = 1693 pmol/g, S = 0,R, = 3000 um,R; — R, = 200 um.
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caused a 3.4-fold increase in PCP mineralization. It was
found that for adsorbent—adsorbate systems with small
dissociation constants (K; < 5 x 107 umol/mL), vari-
ations in K, had a greater effect on the absolute PCP
mineralization when a smaller amount of adsorbent was
used. The slope of PCP mineralization vs. K, increased
as K, approached zero and was greatest for the smailest
adsorbent content (Fig. 8). The dissociation constant is
a measure of the affinity of an adsorbent-toxic com-
pound complex to dissociate. The above results suggest
using adsorbents with a strong affinity for the target
compound sparingly, while adsorbents which bind the
compound of interest loosely can be used in larger
quantities without greatly reducing degradation rates.

Biphasic Operation

As demonstrated in the previous sections, a greater g,,
or smaller K, led to a lower PCP concentration within
the solution, hence achieving a cleaner solution. How-
ever, lower PCP concentration in solution led to lower
rates of degradation. Adsorbents with low g, or large
K, achieved higher mineralization rates by retaining
higher PCP concentration in solution for a longer period
of time. If coimmobilized capsules were to be used in a
pump and treat system, such as a fluidized or packed
bed, low capacity or a large dissociation constant would
require larger columns or higher adsorbent content to
achieve the same effluent concentration for a given
column service life.

As displayed in Figures 2 and 3, the equilibrium ad-
sorption isotherm for PCP on activated carbon could be
altered by changes in solution pH and addition of vari-
ous amounts of surfactant Tween 80. Theoretically, this
makes possible the operation of a hybrid system with
variable capacity and dissociation constant. Rapid ad-
sorption could occur over a short period of time, even if
conditions are unfavorable for degradation. The system,
packed or fluidized bed, could then be isolated and an
appropriate agent added in order to achieve conditions
more favorable for biodegradation, i.e., pH 7, or surfac-
tant addition.

In order to demonstrate this concept, simulations
were conducted in which the adsorbent capacity and dis-
sociation constant were 1876 and 8.91 x 1073 umol/mL,
respectively. These values correspond to those mea-
sured at a pH of 5. The initial PCP concentration was
117 uM, and the carbon content was 0.004 g/mL. Ad-
sorption and degradation were allowed to proceed for
2 h, at which point the liquid phase concentration of
PCP was 2.8 uM. At this time a change in solution pH
was simulated by changing the adsorbent capacity and
dissociation constant to those measured at pH 7 or 8.5.
In other simulations, the adsorbent capacity and disso-
ciation constant were replaced by values measured with
0.002% and 0.004% Tween 80 (Table II). Adsorption
equilibrium was quickly achieved, and the remainder of
the operation proceeded under new conditions. Refer-

ences in Figures 9 and 10 to various pH values and sur-
factant concentrations mean that the corresponding g,
and K, values in Table II were used in the simulations.
Such simulations cannot be interpreted as the effect of
pH change or surfactant concentration on PCP mineral-
ization by Arthrobacter since the effect of these vari-
ables on the microorganisms have not been modeled.
However, the results can be interpreted as the effect of
changes in adsorption behavior on PCP mineralization
and would accurately predict the effect of changes in
pH and surfactant concentration if the effect of such
changes on the degrading organisms were known.
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Figure 9. Comparison of predicted PCP mineralization at a pH
of 5 with biphasic operations; pH 5 for the first two hours, then
pH 7 or 8.5.
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Figure 10. Comparison between PCP removal and mineralization
at pH of 7 with biphasic operations at pH 7; S = 0 for the first 2 h,
the S = 0.002 or 0.004% wt/vol.
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The first set of simulations corresponding to changes
in g, and K, resulting from pH variations are displayed
in Figure 9. Pentachlorophenol mineralization over a
290-h period at a pH of 5 is compared to biphasic op-
erations in which the solution pH was changed to 7.0 or
8.5 after 2 h. Removal curves have not been displayed
in Figure 9 because the curves were too close to dis-
tinguish on a graph of this size. Biphasic operation
from a pH of 5 to 8.5 achieved the greatest PCP miner-
alization over 290 h. When the adsorbent capacity and
dissociation constant were changed to 884 and 5.28 x
10~ wmol/mL (corresponding to a pH of 8.5), PCP was
released from the adsorbent into the coimmobilized
capsules. The new adsorption isotherm resulted in the
maintenance of a higher PCP concentration in solution
and led to the mineralization of 19% more PCP in 290 h.

The effect of adding various amounts of Tween 80 is
displayed in Figure 10. After a 2-h adsorption period at
a pH of 7.0, g and K, were changed to those values
corresponding to 0.002% and 0.004% wt/vol Tween 80.
The PCP concentration in solution rose to 73 uM fol-
lowing the addition of 0.002% wt/vol Tween 80, while it
rose to 51 uM following the addition of 0.004% wt/vol
Tween 80. Addition of 0.002% wt/vol Tween 80 resulted
in the mineralization of 90% of the PCP initially pres-
ent in a period of 50 h. The addition of 0.004% wt/vol
Tween 80 resulted in the mineralization of 67% of the
PCP initially present in the same period of time. With-
out the addition of Tween 80 only 10% of the initial
PCP was mineralized in 50 h, and the system required
approximately 400 h to mineralize 70% of the PCP.

DISCUSSION

Changes in the adsorption behavior of toxic organic
contaminants such as PCP can significantly influence
the degradation of these compounds by coimmobilized
systems. The adsorption of PCP was found to occur on
a time scale approximately 100 times shorter than the
mineralization of PCP. Mathematical computations pre-
viously performed have shown that the time constant
for diffusion of PCP into capsules with sizes ranging be-
tween 0.5 and 5 mm is of the same order of magnitude
as the time constant for the adsorption process. This
suggests that mineralization of PCP is the rate limiting
step in the overall process. Pentachlorophenol mineral-
ization is controlled by adsorption equilibrium rather
than by adsorption rate, and changes in the equilibrium
isotherm for PCP in this coimmobilized system can be
expected to influence the mineralization rate.

Because both diffusion and adsorption occur much
more quickly than the mineralization process, it is con-
ceivable that the concentration of PCP within the co-
immobilized system can be altered by changes in
adsorption equilibrium. Internal or external agents that
influence the adsorption of PCP onto coimmobilized
adsorbents or the use of various adsorbents can achieve

different PCP concentrations within the capsules. The
ability to influence the concentration of contaminants
within the coimmobilized capsules represents a great
potential for degradation of toxic organic compounds.
Highly toxic contaminants can be quickly removed from
contaminated sites via adsorption. The concentration
of such contaminants within coimmobilized systems
can then be controlled, by the use of appropriate
agents, such as surfactants, pH, ionic strength, etc., in
order to ensure minimum toxicity and maximum degra-
dation rates.

The fate of the contaminant as well as the location of
the biological reactions controlling its degradation are
also of utmost importance. If all of the reactions in-
volved in the degradation of the contaminant are intra-
cellular, then degradation is a function of contaminant
concentration in the aqueous region of the coimmobi-
lized system. The immobilization of a larger quantity of
cell mass may increase the overall mineralization rate.
However, the involvement of extracellular enzymes, also
capable of adsorbing to the coimmobilized adsorbents,
could mean that the adsorbed contaminant may also
participate in degradative reactions.'® In order to deter-
mine the impact of changes in adsorption behavior on
mineralization, one may need to consider the adsorbent
loading, extracellular enzyme concentration, adsorbent
affinity for enzyme, as well as possible enzyme loss to
deactivation or diffusion out of the capsules.

Another factor to be considered in designing coim-
mobilized systems is physical limitation. As more cells
are coimmobilized within the capsule core, less volume
will be available for coimmobilization of adsorbents, and
vice versa. As the cell density and adsorbent content
increase, these two variables may not be independent. It
may also be necessary to account for oxygen transport
and consumption or the effect of cells on the diffusion
of components through the core in order to optimize
such systems.

Other simulations were conducted to evaluate the
sensitivity of PCP mineralization to mass transfer pa-
rameters such as capsule size, membrane thickness,
and mass transfer coefficient. Within the size range of
0.5-5 mm and membrane thickness in the range of
200 pm *+50%, these two variables did not produce a
significant change in PCP mineralization. Variations in
external mass transfer coefficient between 5 x 107 and
5 x 107® cm/s resulted in a 17% variation in PCP min-
eralization over 290 h.

CONCLUSIONS

A coimmobilized system for degradation of PCP has
been described. A mathematical model was developed
to describe the interaction between the mass transfer,
adsorption, and degradation of toxic contaminants in
coimmobilized systems. The effect of various design
variables were examined quantitatively on the mineral-
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ization of PCP. It was found that for a given PCP re-
moval, the adsorbent content must be optimized. At
constant adsorbent content, a reduction in adsorbent ca-
pacity or an increase in dissociation constant increased
PCP mineralization. The external mass transfer resis-
tance in the aqueous system studied was found to be
negligible. It was found that variations in adsorbent ca-
pacity and dissociation constant consistent with those
experimentally measured by addition of Tween 80 and
pH changes caused significant changes in PCP mineral-
ization. It was also demonstrated that the operation of a
biphasic system in which conditions were initially favor-
able for adsorption could achieve a low PCP concentra-
tion in solution. Later, the conditions could be changed
to favor degradation. The results presented in this study
demonstrate the effect of adsorbents on mineralization
of toxic organic contaminants. These results also dem-
onstrate how changes in the equilibrium adsorption
isotherm as a function of various variables can be uti-
lized to increase mineralization without sacrificing con-
taminant removal.
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support of the Michigan Biotechnology Institute through a
UM-MBI traineeship.

NOMENCLATURE

C concentration (umol/mL)

C; concentration of species i in capsules
(umol/mL)

Cpi concentration of i in bulk solution
(umol/mL)

D diffusion coefficient (cm®/s)

Eci porosity of core for species i

Egi porosity of gel for species i

K1 forward adsorption rate constant (L/g - h)

Ky dissociation constant of contaminant on

adsorbent, = «/k; (mL/umol)

Ky, Ky = Kgown, K3 combined reaction rate constants for PCP
consumption, cell growth, and CO; pro-
duction (1/ODsee - h, mL/umol - h, and
pmol CO,/umol PCP - ODsg - h)

K. external mass transfer coefficient (cm/s)

n number of reactions each component is in-
volved in; in this model n = 1

q concentration in adsorbent phase (umol/g)

Grmax maximum capacity of adsorbent according
to the Langmuir adsorption theory (umol/g)

R radial coordinate (cm)

R. internal radius of gel membrane (cm)

R, external radius of gel membrane (cm)

Rags rate of PCP adsorption (umol/mL - h)

RXN rate of various reactions (umoi/mL - h)

RXN, rate of cell growth (ODse/h)

Pe adsorbent content in capsules (g/mL)

S surfactant concentration (% wt/vol)

t time (h)

n cell growth rate (ODsg/mL - h)

V volume (mL)

w weight (g)

X concentration of cells (ODs)

Yee, Yooy yield factors for conversion of PCP to celis
and CO; (ODse /umol PCP) and (umol
CO2/0Ds)

Subscripts

A, ads adsorbent

B,b bulk solution

i species i

gc gel membrane and capsule core

R constant position (R)

A) constant surfactant concentration

pH constant pH

t constant time

! number of reactions

0 initial condition (i.e., at time t = 0)
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